Volatile anaesthetics are known to increase leakage of calcium from the light fraction of skeletal sarcoplasmic reticulum (L-SR) which has no calcium release channels. To explore the role of the lipid environment, we have examined the effect of volatile anaesthetics on calcium conductance (g Ca ) of lipid membranes. Planar lipid bilayers were formed with a mixture of synthetic phospholipids and cholesterol, resembling the composition of SR membranes, or with lipids extracted from skeletal L-SR. g Ca was estimated by calculating the calcium transference number (t Ca ) using diffusion potential measurements. Membranes formed with L-SRextracted lipids had a higher g Ca than membranes formed with synthetic lipids. Volatile anaesthetics increased total conductance and g Ca in a dosedependent manner, but did not affect t Ca or membrane specific capacitance. In membranes formed with L-SR-extracted lipids, isoflurane induced the largest increase in g Ca (1260 (SEM 304) % increase, n:4, 0.94 mmol litre ). In membranes formed with synthetic lipids, volatile anaesthetic-induced increases in g Ca followed the same trend but were larger. Volatile anaesthetics increased g Ca without changing the ionic selectivity of membranes. However, the magnitude of the increase in g Ca in the presence of volatile anaesthetics cannot account for the previously observed calcium leakage from L-SR vesicles. Therefore, the volatile anaesthetic-induced increase in calcium leakage in L-SR vesicles must be mediated via other pathways involving membrane proteins. (Br.
The volatile anaesthetics halothane, enflurane and isoflurane alter calcium homeostasis in many cells. Volatile anaesthetics alter cellular Ca 2; in part by acting on the sarcoplasmic reticulum (SR). They have been shown to increase the rates of Ca 2; release [1] [2] [3] [4] [5] and of Ca 2; uptake 5 6 from the SR. The former effect results from a volatile anaestheticinduced increase in the open probability of calcium release channels, 7 increase in the rate of ATP breakdown 1 5 and decrease in SR calcium pump activity. [8] [9] [10] The increase in the rate of Ca 2; uptake results from an increase in SR calcium pump activity when volatile anaesthetics are present at low concentrations. 1 5 9 Volatile anaesthetics also increase Ca 2; leakage in vesicles isolated from the light SR (L-SR), which lacks calcium release channels. 1 The latter effect might be caused by a volatile anaesthetic action on the SR lipid membrane, enhancement of leakage pathways through membrane proteins or action on the interface between membrane lipids and proteins.
We have investigated one of these possibilities, the effect of volatile anaesthetics on Ca 2; permeability of SR lipid membranes. It has been shown previously in liposomes that halothane increases membrane permeability to monovalent cations (K ; , Rb ; ) and protons. 11 12 Therefore, it is expected that volatile anaesthetics should also increase Ca 2; permeability of lipid membranes. Using the planar lipid bilayer system, we have investigated to what extent volatile anaesthetics affected Ca 2; permeability of lipid membranes formed with either synthetic or L-SR-extracted lipids. We found that at the concentrations studied, volatile anaesthetics did not affect membrane-specific capacitance or ionic selectivity but significantly increased overall membrane ionic permeability (up to 10-fold). However, the magnitude of this increase was too small to account for the previously observed volatile anaesthetic-induced increase in Ca 2; leakage in isolated L-SR-vesicles.
Materials and methods

LIPID COMPOSITION OF PLANAR LIPID BILAYERS
Two mixtures of synthetic lipids were used: one consisted of a mixture of the neutral lipids palmitoyllinoleoyl phosphatidylcholine, palmitoyl-arachidonyl phosphatidylethanolamine and cholesterol at a molar fraction of 7.5:2.5:1. This ratio was chosen to mimic the reported lipid composition of muscle SR. 13 14 The second lipid mixture contained the same components as the first mixture and 10% phosphatidylinositol. The latter was selected because SR lipids contain negatively charged phospholipids (approximately 10%), the main one being phosphatidylinositol. 13 15 Lipids were purchased from Avanti Polar Lipids, Inc. The lipid mixture was dissolved in decane (5% w/v) to form planar-lipid bilayers, as described previously. 16 L-SR vesicles were isolated from rabbit skeletal muscle, 1 resuspended with distilled water (approximately 8.3 mg protein/ml) and lyophilized. Lipids were extracted 17 18 and stored in chloroform/ methanol (2/1) at 920ЊC. The phospholipid content was measured by a phosphorus assay. 19 The phosphorus content of lipid extract was 0.72 mm/mg SR protein. To form planar-lipid bilayers, the chloroform-methanol was evaporated and the lipids dissolved in decane (5% w/v). Decane was used as it has been shown that it has little effect on blocking nerve impulses and on membrane thickness. 20 The data shown were obtained using a single preparation of L-SR-extracted lipids. Other L-SR-extracted lipid preparations were used in pilot experiments.
The bilayer chamber contained two compartments (1.24 ml capacity) separated by a partition with a hole (0.2-1.0 mm diameter) where lipid bilayers were formed. The front and back compartments are referred to as cis and trans, respectively. Silver-silver chloride electrodes were placed in each compartment; the reference electrode was placed in the trans compartment. The compartments contained 1 ml of a given solution. Salt bridges were not used during the experiments with CaCl 2 solutions. When asymmetrical CaCl 2 solutions were used, the applied potential was corrected for the estimated electrode-liquid potential differences. 21 For the experiments using sucrose solution, KCl 3 mol litre 91 salt bridges were used to stabilize the electrode offset.
MEMBRANE CONDUCTANCE AND CAPACITANCE MEASUREMENTS
Total membrane conductance (g m ), that is conductance caused by all ion species present in the solution, was measured using symmetrical solutions of CaCl 2 200 mmol litre
91
. Slope conductances were obtained from linear fits of the current-voltage relationships constructed by applying 25-mV voltage steps between ;50 and 950 mV. Holding potentials were maintained for 1-2 min to eliminate the contribution of slow capacitive currents. Membrane capacitances were calculated by measuring capacitive currents after applying 1-mV triangular voltage steps at a frequency of 100 Hz. Membranes were seen with a 120-times magnification and their diameter, limited by a visible torus, was measured with a graduated grid (2.5 m/division). Membrane surface area was calculated assuming that the shape of the membrane was an ellipse. All solutions contained HEPES 2 mmol litre 91 at pH 6.0. Free acid HEPES of the best grade was used (Sigma Chemical Co., St Louis, MO, USA). We used a pH value of 6.0 to reduce proton-hydroxide conductance (g H ; OH 9). 22 Total membrane conductance (g m ) was measured using symmetrical solutions of CaCl 2 0.2 mol litre
. In all cases it was assumed that the conductance caused by the anion form of HEPES was negligible.
DIFFUSION POTENTIAL MEASUREMENTS AND ESTIMATIONS OF TRANSFERENCE NUMBER
To obtain the relative membrane ionic selectivity for calcium over chloride, we estimated the transference number of Ca 2; (t Ca ) by measuring diffusion potentials as described previously. [22] [23] [24] The zero current level was first measured in symmetrical CaCl 2 . A small volume (20-100 l) of the bath solution was first removed and then replaced by an equal volume of the bath solution saturated with a volatile anaesthetic. After each addition of volatile anaesthetic (to both compartments), the chamber compartments were covered with glass coverslips and solutions stirred continuously for 1 min. The volatile anaesthetic concentration in the stock and chamber solutions was determined by gas chromatography.
As experiments were performed at room temperature (approximately 25ЊC), the magnitude of volatile anaesthetic effects at 37ЊC are uncertain. To attempt a comparison of the relative potency of the volatile anaesthetics, we also present the volatile anaesthetic concentration as the ratio of the hypothetical aqueous concentration (H-EC 50 ) corresponding to the hypothetical MAC at 25ЊC. This was done in the following way. First, we estimated the hypothetical MAC value at 25ЊC (H-MAC (25ЊC)) using equation (2) 28 but there is no reported value for enflurane. As the three volatile anaesthetics have similar ␣ values at 37ЊC, 28 29 we assumed that this also held true at 25ЊC, and used a mean ␣ value of 1.14 for all three volatile anaesthetics. We used MAC values from rabbits 30 as the extracted SR lipids were from rabbit skeletal muscle (table 1) .
STATISTICS
Results are presented as mean (SEM). Differences between values obtained from synthetic and L-SRextracted lipids in the absence of anaesthetic were analysed using the Mann-Whitney rank sum test. Differences between control and anaesthetics values were analysed by Friedman's test followed by the non-parametric Dunnett's test based on rank sum as post hoc analysis. In all cases, P:0.05 was considered significant.
Results
SPECIFIC CAPACITANCE
Under control conditions, membranes formed with L-SR-extracted lipids were smaller and had higher specific capacitance values than membranes formed with synthetic lipids (tables 2, 3). Such differences could reflect the presence of negatively charged phospholipids, as membranes formed with synthetic lipids containing negatively charged phospholipids had membrane areas and specific capacitance values resembling those of membranes formed with L-SR-extracted lipids (table 3) . The area and specific capacitance of membranes formed with synthetic or L-SR-extracted lipids were not changed significantly by isoflurane, halothane or enflurane (table 2) . Therefore, within the concentration range studied, these volatile anaesthetics did not affect membrane dimensions (area and specific capacitance).
TOTAL MEMBRANE CONDUCTANCE IN CACL 2
In the absence and presence of anaesthetic, currentvoltage relationships were linear from ;50 to 950 mV ( fig. 1) . g m was significantly higher in membranes formed with L-SR-extracted lipids than in membranes formed with synthetic neutral lipids (table 3). When phosphatidylinositol was added to the mixture of lipids, g m values were between those for membranes formed with synthetic neutral lipids and L-SR-extracted lipids (table 3). All three volatile anaesthetics increased g m in a dose-dependent manner; in all cases, the dose-response curves were linear with the log of g m ( fig. 2 ). The strongest effect was shown by isoflurane and the weakest effect by halothane; the effect of enflurane was intermediate. The magnitude of the volatile anaesthetic-induced increase in g m was lower in membranes formed with L-SR-extracted lipids than in membranes formed with synthetic lipids.
TRANSFERENCE NUMBER FOR CALCIUM
In order to determine the ionic selectivity of membrane conductance, we estimated the transference number for calcium (t Ca :g Ca /g m ) by assuming that under the conditions measured, the only two permeant ions were Cl 9 and Ca 2;
. This was done by measuring the diffusion potential at different CaCl 2 concentrations (see materials and methods). The diffusion potential was a linear function of the log of the activity ratio (log a cis /a trans ) across the membrane in synthetic and . E R results from the electrodes being exposed to different concentrations of Cl 9 and was calculated using the following expression: E R :92.303(RT/F ) log (aCl 9 cis /aCl 9 trans ) where aCl 9 :activity of Cl 9 in either the cis or trans compartments. 21 25 L-SR-extracted lipids and intercepted 0 at both axes, as is expected for diffusion potentials ( fig. 3 ). Figure 3 also indicates the diffusion potential for a purely chloride-selective membrane and a purely calciumselective membrane. The diffusion potentials of membranes formed with synthetic lipids were closer to the values expected for a purely chloride-selective membrane than the diffusion potentials of membranes formed with L-SR-extracted lipids. In fact, the calculated t Ca value was larger in membranes formed with L-SR-extracted lipids than in membranes formed with synthetic lipids (table 3) . The volatile anaesthetics did not produce significant changes in t Ca (table 4) . Therefore, volatile anaesthetics induced an increase in g m without changing the ionic selectivity of the membrane pathway. Figure 3 shows that the diffusion potential changed linearly with log (a cis /a trans ), indicating that the t Ca values are similar at various concentration gradients.
CALCIUM CONDUCTANCE AND PERMEABILITY OF LIPID MEMBRANES
Specific calcium conductance (g Ca ) and permeability (P Ca ) were estimated in CaCl 2 200 mmol litre 91 by assuming that the proton and hydroxide conductances were negligible, and by using equations (4) and (5) (fig. 4) . The observed increase in P Ca was therefore caused by an increase in g m ( fig. 2 ) rather than a change in ionic selectivity (table 4) . Isoflurane produced the largest increase in P Ca , the effects of enflurane and halothane were smaller.
MEMBRANE CONDUCTANCE IN THE PRESENCE OF SUCROSE 0.6 MOL LITRE
91
Total membrane conductance measured in CaCl 2 (g m ) is the sum of the conductance for each ion present in the bath solution. We attempted to estimate the contribution of proton-hydroxide conductance to total membrane conductance by measuring membrane conductance in the presence of symmetrical solutions of sucrose 0.6 mol litre
. In the absence of volatile anaesthetic, g msucr and g m were the same ( fig.  5 ). Isoflurane increased g msucr of membranes in a dose-dependent manner ( fig. 5) . However, the isoflurane-induced increase in g msucr was approximately 25% of the isoflurane-induced increase in g m . This indicates that volatile anaesthetics induce an increase not only in 
Discussion
At the concentrations studied, we found that volatile anaesthetics increased g Ca , and g Cl without affecting ionic selectivity or specific capacitance of planar lipid bilayers. We found also that volatile anaesthetics induced a significant increase in P Ca of lipid membranes, such an increase depended on the lipid composition, but its magnitude was too small to account for the previously reported volatile anaestheticinduced increase in Ca 2; leakage in isolated L-SR vesicles.
MEMBRANE SPECIFIC CAPACITANCE
Membranes formed with L-SR-extracted lipids and synthetic lipids containing negatively charged phospholipids were smaller and had higher specific capacitance values than membranes formed with synthetic neutral lipids. Therefore, at least in the presence of high Ca 2; concentrations, negatively charged phospholipids appear to be responsible, in part, for the formation of a larger membrane torus (smaller membrane area) and providing the membrane with a higher specific capacitance value.
A potential artefact in our capacitance measurements might result from residual decane in the lipid phase. This was unlikely because the specific capacitance values obtained in this study were similar to those reported previously for biological cell membranes. 31 Moreover, it has been reported that when actual membrane areas are measured, decane does not significantly affect membrane thickness and it appears to accumulate mainly at the membrane torus. 20 The lack of a volatile anaesthetic effect on either membrane area or specific capacitance indicates that, at the concentrations studied, volatile anaesthetics did not affect membrane geometry.
MEMBRANE CONDUCTANCE AND T Ca VALUES
Total membrane conductance (g m ) and Ca 2; selectivity (t Ca ) was higher in membranes formed with L-SR-extracted lipids than in membranes formed with synthetic neutral lipids. This difference reflects, in part, the presence of negatively charged lipids in the L-SR-extracted lipid preparation, as g m and t Ca values were higher in membranes formed with synthetic lipids containing negatively charged lipids than in those containing only neutral lipids (table 3) . The higher t Ca value is consistent with previous observations that lipid membranes become more cationic-selective when they have negatively charged lipids. 24 At the concentrations studied, volatile anaesthetics increased g m without changing the t Ca value of the membrane, that is volatile anaesthetics increased the rate of ion transport across the lipid membrane pathway without affecting the ionic selectivity of such a pathway. As there were no membrane proteins present, ion transport across these membranes must be determined by lipid interactions. Our study, however, did not allow the molecular mechanism of these interactions in the presence of volatile anaesthetics to be defined.
ESTIMATION OF Ca LEAKAGE CURRENTS
The magnitude of the Ca 2; leakage currents were estimated using the Goldman flux equation, 32 and by assuming that the transmembrane potential across the SR membrane was 5 mV, intraluminal and cytoplasmic Ca 2; concentrations were 10 mmol litre 91 and 0.1 mol litre
91
, respectively, and that P Ca was not affected by changes in Ca 2; ion concentration. 36 If Ca 2; leakage through the SR in intact cells is as high as that reported for SR in skinned cells, then the observed volatile anaestheticinduced increase in ionic permeability of lipid membranes will not contribute significantly to the overall SR leakage currents.
Estimated Ca 2; leakage from isolated L-SRvesicles 1 was two or three orders of magnitude higher than that estimated for lipid membranes in the absence and presence of volatile anaesthetics (table  5) . Measurements were performed at room temperature in lipid membranes (this study) and at 37 ЊC in isolated L-SR vesicles.
1 However, such differences in temperature are unlikely to account for the different Ca 2; leakage values. In fact, it has been reported that in liposomes formed with SR-extracted lipids, increasing the temperature from 25 to 40 ЊC increased the rate constant of Ca 2; efflux by less than one order of magnitude. 37 As discussed in the next section, our estimated P Ca values for lipid membranes, if anything, represent overestimations because of the differences in other experimental conditions (e.g. calcium concentration, pH, etc.). Therefore Ca 2; leakage from isolated L-SR vesicles, both in the absence and presence of volatile anaesthetic, involves paths other than SR membrane lipids. These paths may involve inhibition of Ca 2; pump activity, Ca 2; efflux through membrane proteins such as the Ca 2; pump (slippage through ATPase channels) 1 9 or through ion channels other than Ca 2; release channels (e.g. non-selective ion channels), 36 or Ca 2; leakage through the proteinlipid interface (boundary lipids).
The volatile anaesthetic-induced increase in P Ca of lipid bilayers and in Ca 2; leakage from L-SR vesicles showed different properties. While volatile anaesthetics increased the P Ca of lipid bilayers in a dosedependent manner, such dose dependency was not observed for the volatile anaesthetic-induced increase in Ca 2; leakage from L-SR vesicles. The volatile anaesthetic-induced increase in P Ca of lipid bilayers was greater for isoflurane than for halothane or enflurane. This potency difference was not observed for the volatile anaesthetic-induced increase in Ca 2; leakage from L-SR vesicles. Therefore, the volatile anaesthetic-induced increase in P Ca of membranes formed with L-SR-extracted lipids did not appear to be directly responsible for the volatile anaesthetic-induced increase in nonspecific Ca 2; leakage from isolated L-SR vesicles. Indirectly, however, the observed volatile anaesthetic-induced increase in membrane P Ca may serve as a trigger to activate calcium release channels; the volatile anaesthetic-induced increase in SR membrane chloride permeability may increase the activation of non-selective ion channels, 36 and the Ca 2; currents through these non-selective channels may also serve as a trigger for calcium release channels.
EFFECTS OF THE EXPERIMENTAL CONDITIONS AND ASSUMPTIONS ON THE ESTIMATED P Ca
In this study several assumptions were made when estimating P Ca . First, that increases in Ca 2; did not affect the P Ca of lipid membranes. At high concentrations Ca 2; is known to bind to phospholipids and produce phase separation of lipid mixtures. [38] [39] [40] To our knowledge, however, there are no reports indicating that increases in Ca 2; affect the P Ca of lipid membranes. Such increases in Ca 2; would not be expected to decrease P Ca , if anything they may increase P Ca . Second, we used pH 6.0 to reduce proton conductance through lipid membranes. Changes in pH are known to strongly affect the function of membrane proteins, however, our experiments were performed in the absence of membrane proteins. In the absence of membrane proteins, ions permeate only through the lipid membrane. If H ; and Ca 2; are using the same lipid pathway, reduction of protons should lead to an increase in the conduction of calcium. In this case, P Ca is overestimated when using a low pH. Third, the assumption that g HEPES was negligible compared with g Ca and g Cl and the lack of correction for the contribution by g H/OH tends to overestimate the calculated P Ca . The presence of decane in the lipid membranes should increase P Ca . All of the above assumptions tend to overestimate P Ca . In spite of this, our estimated control P Ca values agreed closely with those obtained with Ca 2; flux measurements in liposomes formed with various phospholipids or SR-lipid extracts, in which low concentrations of Ca 2; were used (1 mmol litre 91 ), no decane was present, pH was 8.0 and flux measurements were not contaminated by g H/OH . 37 These observations suggest that in the absence of proteins our estimated P Ca values were close to those obtained using lipid vesicles at low calcium concentration and pH 8.0, 37 and that under our conditions the contribution of g H/OH was not significant. Even if there is overestimation of P Ca , our main conclusion remains valid, that is that the volatile anaesthetic-induced increases in P Ca , although significant, were too small to account for the previously observed volatile anaesthetic-induced increases in Ca 2; leakage in skinned SR and isolated L-SR vesicles (table 5) . Therefore, membrane paths other than SR membrane lipids must be involved.
In SR membranes, plasmalogens (alkyl ester phospholipids) account for 72% of phosphatidylethanolamine (PE) and 12% of phosphatidylcholine (PC) (20% of total phopholipids). 14 In this study we used diacyl PE and PC because plasmalogens were not available commercially. To our knowledge there are no reports on how plasmalogens affect membrane ionic permeability. It is possible, therefore, that the presence of plasmalogens in membranes formed with L-SR-extracted lipids contributes in part to the differences observed between membranes formed with synthetic lipids and L-SR-extracted lipids.
Halothane which, of the volatile anaesthetics studied, is the most potent trigger of malignant hyperthermia, produced the smallest increase in g Ca of lipid membranes and hence the smallest predicted increase in cytoplasmic Ca 2; . The latter suggests that the halothane-induced increase in P Ca of SR lipid membranes by itself does not appear to account for halothane-induced malignant hyperthermia.
In summary, at the concentrations studied, volatile anaesthetics increased the rate of ion transport across lipid membranes without affecting the ionic selectivity of the membrane or its dimensions. The strongest effect was exhibited by isoflurane and the weakest effect by halothane; the effect of enflurane was intermediate. This volatile anaesthetic effect cannot account for the volatile anaestheticinduced increase in Ca 2; leakage observed in isolated L-SR vesicles.
